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ABSTRACT 
Nitrogen dioxide was photodissociated using a pulsed ruby 
laser at 6943A. The energy of a single photon at this wavelength 
was equivalent to only 57% of the dissociation energy. The mech- 
anism proposed to account for the results was the consecutive ab- 
sorption of two photons, the first resulting in a short-lived 
excited state. The second photon is then absorbed by the excited 
species resulting in dissociation. 
2' 
INTRODUCTION 
In work done previously in this laboratory it was demon- 
strated that two-photon emission was present in the reaction 
so  + 0 :  
SO + 0 + SO:'+ hv 
so; -f SO2 + hv 
The time delay between the two emissions was found to be of the 
I (1) order of 30 nanoseconds. (Smith observed emission correspond- 
ing to a lifetime of SO2 excited of 12 nanoseconds in pulse elec- 
(2) tron beam studiest2) 
The purpose of the present work has been to investigate the 
possibility of a reverse mechanism of this type occurring in the  
dissociation of NO2. Photodissociation becomes energetically 
(3) possible at wavelengths below about 3945a. Some dissociation 
still occurs around 4070A due to the availability of the vibra- 
tional and rotational energy of the molecule. 
no dissociation is found. 
A t  43581, however, 
4 
A t  higher wavelengths, up to approximately 79008, the combined 
energy of two photons would once again make the dissociation re- 
action possible. The following three mechanisms are considered for 
discussion: 
I 
(1) NO2 + hv + NO2 
I 
NO2 + hv -+ NO + 0 
(2) NO2 + 2hv -+ NO + 0 
I 
(3) NO2 t hv -+ NO2 
I 
I NO2 + NO; -f NO2 + NO + 0 
3 .  
t 
A f o u r t h  p o s s i b l e  mechanism would b e :  
B ( 4 )  NO2 + NO2 + 2N0 + O2 
The r e a c t i o n  of ground s t a t e  molecule3 is  26 k i l o c a l o r i e s  endo- 
thermic  o r  f o r  t h e  e x c i t e d  molecule  i t  would need the  equ iva len t  
energy absorbed from photons a t  wavelengths  of  about  1 0 , 0 0 0 8  o r  
l ess .  However, such  a r e a c t i o n  has no t  been observed as noted  
above. The n e t  r e s u l t  o f  any of these  mechanisms i s  the  produc- 
t i o n  of  oxygen when t h e  fas t  r e a c t i o n  o f  NO2 w i t h  0-atoms i s  in -  
c luded:  
(5) NO2 + 0 + NO + O2 
The s imul taneous  a b s o r p t i o n  of  two photons  has been observed 
by s e v e r a l  i n v e s t i g a t o r s .  Pao and Rentzepis  were the f i r s t  to 
r e p o r t  a mult iphoton p rocess  t e r m i n a t i n g  i n  a s p e c i f i c  chemical  
r e a c t i o n :  t h e  p h o t o - i n i t i a t i o n  of  t h e  polymer iza t ion  of  s t y r e n e  
( 5 )  and of P - i s o p r ~ p y l s t y r e n e . ~  G .  P o r t e r  has , r e p o r t e d  t h e  i n i t i a -  
t i o n  of t h e  exp los ive  r e a c t i o n  o f  H2 and C12 by a two photon ab- 
s o r p t i o n  a t  69431 l e a d i n g  to d i s s o c i a t i o n  of t h e  C12. 
has used a &-switched ruby l a se r  t o  achieve  a two photon absorp-  
6 ( 6 )  S p e i s e r  
7 ( 7 )  t i o n  i n  iodoform, fo l lowed by the  l i b e r a t i o n  of  i o d i n e .  
The a b s o r p t i o n  i n  some c a s e s  may have been, a t  least  i n  pa r t ,  
consecut ive  ra ther  t h a n  s imul taneous ,  w i t h  a s h o r t  l i v e d  e x c i t e d  
i n t e r m e d i a t e  absorb ing  t h e  second photon.  P o r t e r  has observed 
t h i s  consecut ive  two-photon a b s o r p t i o n  i n  t h e  p h o t o d i s s o c i a t i o n  
8 (8) .  o f  ph tha locyanine .  
4. 
EXPERIMENTAL 
A Korad K-1QP laser  s y s t e m  was used i n  these  exper iments .  The 
9/16!! ruby rod  was opera ted  w i t h  a p a s s i v e  Q-switch c o n t a i n i n g  
c ryptocyanine  dye  to o b t a i n  s i n g l e  p u l s e s  o f  1-2 j o u l e s  energy 
and 1 0  nanosecond d u r a t i o n  at  69431. 
pu t  was v e r i f i e d  u s i n g  a Korad KJ-2 c a l o r i m e t e r .  
The energy o f  t h e  laser  out -  
The gases  used were ob ta ined  from the  Matheson Company, East 
Rutherford,New J e r s e y .  The argon was supp l i ed  a t  99.995% p u r i t y  
and was used wi thout  f u r t h e r  p u r i f i c a t i o n .  The n i t r o g e n  d iox ide  
was f u r t h e r  p u r i f i e d  u n t i l  i t  was b e t t e r  t h a n  99.99% p u r i t y .  
Seve ra l  mix tu res  of  NO2 and Argon were prepared  and g a s  ana lyses  
were performed on a CEC 21-130 mass spec t rometer .  
The f l u o r e s c e n t  l i g h t s  i n  the  l a b o r a t o r y  were found to cause  
some d i s s o c i a t i o n  of  t h e  NO2,  t h e r e f o r e  t h e  s t o r a g e  v e s s e l s  con- 
t a i n i n g  t h e  gas  mixtures  were covered w i t h  b l ack  c l o t h  and t h e  
l a b o r a t o r y  was i n  v i r t u a l l y  t o t a l  darkness  a t  a l l  t i m e s .  
A c y l i n d r i c a l  q u a r t z  c e l l  of 9.5cm.path l e n g t h  w a s  f i l l e d  to 
t h e  des i r ed  p r e s s u r e  w i t h  t h e  mixture  to be i r r a d i a t e d  and p laced  
i n  t h e  pa th  of t h e  l a s e r  beam. The laser  was f i r e d  f i v e  t imes a t  
two minute  i n t e r v a l s .  Each f l a s h  was monitored to ensu re  t h a t  t h e  
l aser  had produced on ly  a s i n g l e  p u l s e ,  u s i n g  a RCA-1P21 photo- 
m u l t i p l i e r .  The ou tpu t  s i g n a l  o f  t h e  photo tube  was recorded  on 
f i l m  by a Tekt rdnix  545-A o s c i l l o s c o p e  f i t t e d  w i t h  a camera. The 
NO2 was f rozen  ou t  of t h e  sample and t h e  amount o f  O2 p r e s e n t  was 
measured a g a i n s t  t h e  argon s t anda rd  on t h e  mass spec t rometer .  Each 
set of experiments was run in one time span, so that effects of 
variables related to laser operation, room temperature,' e'kc. would 
be minimized. 
Samples of NO2 were repeatedly exposed to only the light from 
the Xenon flash lamp of the laser under normal experimental con- 
ditions to ensure that no oxygen was being produced in this way. 
The results consistently showed no detectable formation of oxygen 
(i.e., <.01%). 
The dimerization which occurs in NO2 (2N02 $ N 2 0 4 )  had to be 
considered in these experiments. The true pressures of NO2 were 
calculated for a series of gas pressures at 2OoC using the equilib- 
rium constants of Harris and Ch~rney.~ 
Fig. (1). 
pressures of NO2 in the equilibrium mixtures. 
( 9 )  The results are shown in 
1 
All pressures of NO2 cited in this paper refer to true 
The absorption coefficient of NO2 was measured at 69431 using 
a Beckman DK-2 spectrophotometer. The experimental value of a = 
.15 crn-latm-' was in good agreement with the value found by Dixon 
in this region of the spectrum. lo Dixon also reports that Beer's 
Law is valid in the pressure region of these experiments. 
(10) 
Results 
Using various pressures of NO2 in the cell, oxygen was pro- 
duced by firing the laser five times for each data point. Fig. ( 2 )  
depicts the O2 production curve in a mixture of 47% argon and 53% 
(NO2 + N204), which is representative of our observations below 
6 .  
l5mm of NO2.  
number o f  O2 molecules  formed are p l o t t e d  a g a i n s t  the  p r e s s u r e  of  
NO2.  
Both O2 as a pe rcen tage  of t o t a l  gas  p r e s s u r e  and t h e  
I n  o r d e r  to have s u f f i c i e n t  amounts of O2 produced f o r  purposes  
of gas  a n a l y s i s  it was desirable  t o  i r r ad ia t e  each sample 5 times. 
C a l c u l a t i o p s  showed t h a t  t h e  f r a c t i o n a l  loss of O2 v i a  t h e  back re- 
a c t i o n :  2 N 0  + O2 + 2N02, was n e g l i g i b l e  d u r i n g  t h e  20 min. i n t e r v a l  
between t h e  f irst  laser  p u l s e  and t h e  a n a l y s i s .  
Discuss ion  
The format ion  of oxygen as shown i n  F igu re  2 cannot be ex- 
p l a i n e d  by o r d h a r y  photochemical mechanisms. A s  mentioned ear l ier ,  
t h e  a b s o r p t i o n  of  l i g h t  above -4300f i  does n o t  r e s u l t  i n  d i s s o c i a -  
t i o n ,  bu t  r a t h e r  t h e  format ion  of  an e x c i t e d  s t a t e  which e v e n t u a l l y  
f l u o r e s c e s  o r  i s  quenched by  c o l l i s i o n .  The d i s s o c i a t i o n  energy o f  
NO2 i n t o  NO and an  0-atom i s  p u t  at  71.8 kcal/mole,  while  an e in -  
s t e i n  of  l i g h t ' q u a n t a  a t  t he  laser  wavelength was c a l c u l a t e d  to 
supply only  4 1  k c a l .  The r e s u l t s  suggest  tha t  the e n e r g i e s  o f  two 
photons are combining to cause d i s s o c i a t i o n  of  the  molecule.  
Seve ra l  mechanisms are p o s s i b l e :  t h e  s imultaneous a b s o r p t i o n  of 
two photons,  t h e  consecu t ive  a b s o r p t i o n  of two photons,  and t h e  
c o l l i s i o n a l  i n t e r a c t i o n  of two s i n g l y  e x c i t e d  s p e c i e s .  
The r e s u l t s  appear  t o  be c o n s i s t e n t  w i t h  the  consecut ive  absorp- 
t i o n  mechanism r e p r e s e n t e d  by:  
NO2 + hvl 
it 
NO2 + hv2 
( fo l lowed 
it 
+ NO2 
+ NO t 0 .  
by NO2 + 0 -f NO + 0 2 >  
7 .  
From t h e  known a b s o r p t i o n  c o e f f i c i e n t  a t  6943a, and expec ted  radi- 
a t i v e  and c o l l i s i o n a l  l i fe t imes ,  a s i g n i f i c a n t  amount of  oxygen 
should be formed, assuming a r easonab le  c o e f f i c i e n t  f o r  t he  second 
a b s o r p t i o n  to t h e  continuum, r e s u l t i n g  i n  d i s s o c i a t i o n  o f  t h e  NO2.' 
The s imul taneous  p rocess  i s  expec ted  to produce on ly  small 
amounts o f  product  such as mentioned by P o r t e r  i n  t h e  i n i t i a t i o n  
of t h e  H2 - C 1 2  r e a c t i o n 6 ,  much less t h a n  t h o s e  observed.  These 
would a l s o  fo l low a d i f f e r e n t  r e a c t i o n  p a t t e r n  because the r e s u l t s  
of P o r t e r  should  be independent  o f  quenching. 
observed are a l s o  far i n  excess  of  t h o s e  p e r m i t t e d  by t h e  low 
p r o b a b i l i t y  of t h e  c o l l i s i o n  of two e x c i t e d  s p e c i e s  b e f o r e  c o l l i -  
s i o n a l  d e a c t i v a t i o n  o c c u r s ,  
The amounts of  O2 
A p r i m a r y  c o n s i d e r a t i o n  i n  d i s c u s s i n g  the  d i s s o c i a t i o n  of NO2 
by t h e  consecu t ive  absoppt ion  p r o c e s s  i s  t h e  p roduc t ion  of t h e  
NO2 
u s i n g  an average  photon f l u x  of 5 x 10I8 photons /pulse  ( c a l c u l a t e d  
from p u l s e  energy measurements) showed tha t  the number of  e x c i t e d  
molecules  c r e a t e d  d u r i n g  each p u l s e :  
8 
s ta te  by t h e  laser  l i g h t .  C a l c u l a t i o n s  made from Beer's Law 
> 
Q 
= 1 x (par t ic les /mm) P(NO~) N02 
o r  f o r  t h e  f i v e  p u l s e s :  
Q 
= 5 x (par t ic les /mm) P(NO~) N02 
where P(N02) i s  t h e  p r e s s u r e  of NO2 i n  mi l l ime te r s .  
T h i s  r e l a t i o n s h i p  i s  p l o t t e d  a long  w i t h , t h e  O2 produc t ion  curve i n  
F ig .  ( 2 ) .  C o l l i s i o n a l  d e a c t i v a t i o n  a t  very  low p r e s s u r e s  becomes 
8.  
n e g l i g i b l e ,  and a comparison w i t h  a t angen t  drawn t o  t h e  expe r i -  
menta l  O2 produc t ion  curve a t  t h e  lowest  p r e s s u r e s  s u g g e s t s  t h a t  
sc 
about  one i n  f i v e  of the NO2 produced e v e n t u a l l y  abso rbs  a 
second photon l e a d i n g  t o  d i s s o c i a t i o n .  
We b e l i e v e  t h a t  t h e  consecu t ive  a b s o r p t i o n  p rocess  can be de- 
s c r i b e d  by three  ra te  e q u a t i o n s :  
* + d(N02 = y1 ( N O 2 )  
d t  
d t  d t  
where e q u a t i o n  (1) governs t h e  p roduc t ion  of t h e  s i n g l y  e x c i t e d  
s p e c i e s ;  e q u a t i o n  ( 2 )  governs t h e  l o s s  o f  the  NO2 
t i o n  of the  second photon; hence,  a l s o  t h e  p roduc t ion  of  02. 
Equat ion ( 3 )  governs the  l o s s  of‘ the.N02 
a c t i v a t i o n  w i t h  ll, X2, e t c .  r e l a t i n g  t o  t h e  quenching e f f e c t s  of 
t h e  v a r i o u s  components of t h e  gas  mixture .”  The only approxima- 
1c 
v i a  t h e  absorp- 
sc 
due t o  c o l l i s i o n a l  de- 
(11) 
t i o n  which has been made i s  t h e  assumption of a cons t an t  l i g h t  i n -  
t e n s i t y  f o r  t h e  d u r a t i o n  of t h e  p u l s e .  So lv ing  these e q u a t i o n s  
f o r  t h e  n e t  O2 produc t ion  d u r i n g  t h e  laser p u l s e  t i m e  ( T  = 
s e c . )  y i e l d s  t h e  expres s ion :  
9 .  
If c o l l i s i o n a l  quenching of t he  r e a c t i o n  i s  se t  e q u a l  to ze ro ,  
.)E 
t h e  f r a c t i o n  of t he  NO2 
and d Z s s o c i a t e s ,  i s  g iven  by: 
which 
* 
N02 + O 2  * - O2 
N02 Y l ( N 0 2 ) T  
e v e n t u a l l y  absorbs  a second photon 
The va lue  of  t h i s  e x p r e s s i o n  was c a l c u l a t e d  f o r  s e v e r a l  v a l u e s  of t he  
second a b s o r p t i o n  c o e f f i c i e n t .  The r e s u l t s  are shown i n  F igu re  ( 3 ) .  
From t h i s  curve  our  expe r imen ta l  o b s e r v a t i o n  of t h e  d i s s o c i a t i o n  o f  
one i n  f i v e  s i n g l y  e x c i t e d  molecules  cor responds  to an a2 = 
3.5 a t m - l  ern . -1 
I n  o r d e r  to t e s t  t h e  v a l i d i t y  of  t he  t h e o r y  p r e s e n t e d ,  O2 pro- 
d u c t i o n  cu rves  were c a l c u l a t e d  f o r  a mixture  c o n t a i n i n g  50% (NO2 + 
N204) and 50% Argon ( a  mixture  s imi la r  to t h e  expe r imen ta l  mix ture  
of 53% (NO2 + N204) and 47% Argon which i s  r e p o r t e d ) .  
-1 f i c i e n t  f o r  t h e  second a b s o r p t i o n ,  a2,was t a k e n  as 3.5 atm- '  cm 
and quenching e f f i c i e n c i e s  were r easonab ly  approximated as .5  f o r  
N O 2 ,  .1 f o r  A r  and 1 . 0  f o r  t h e  N 2 0 4  molecule .  
i s  ignored ,  oxygen p roduc t ion  l e v e l s  o f f  a t  h i g h e r  p r e s s u r e s .  When 
t h e  quenching of t h e  N 2 0 4  molecule  i s  t a k e n  i n t o  account ,  oxygen 
p roduc t ion  r eaches  a maximum and beg ins  to d imin i sh .  These ca l cu -  
la ted cu rves  are shown i n  F igu re  4 .  
The coef-  
I f  t h e  d i m e r i z a t i o n  
P re l imina ry  exper iments  have v e r i f i e d  t h i s  d imin i sh ing  oxygen 
y i e l d  a t  h i g h e r  p r e s s u r e s  and have sugges ted  a p o s s i b l e  quenching 
e f f i c i e n c y  f o r  t h e  N 2 0 4  molecule t h a t  exceeds gas  k i n e t i c  
10. 
expectations. We are continuing our investigations in the higher 
pressure region where the deactivation processes dominate and are 
studying the effects of various other gases, such as C02, on the 
overall reaction. 
This work was supported by a grant from the National 
Aeronautics and Space Administration NGL 33-018-007. 
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>yl, y2, X1, X2 e t c .  a l l  have dimensions of  r e c i p r o c a l  t ime.  
y1 was c a l c u l a t e d  f rom Beer's Law as (a  f u n c t i o n  of t h e  coef-  
f i c i e n t  f o r  t h e  f i rs t  a b s o r p t i o n  process  l i g h t , i n t e n s i t y  and 
c e l l  geometry) ,  y1 = 2.0  x 1 0  6 see''. y2 = 4.6 x 10 7 see-' 
was de r ived  from exper imenta l  obse rva t ions  of' O2 product ion  
a t  l owes t  p r e s s u r e s  of  NO2 ( s e e  subsequent  d i s c u s s i o n ) .  From 
Bee r ' s  Law y2 corresponds t o  a2 = 3.5 a t m  em . The g e n e r a l  
form of A I ,  X2, e t c .  i s  X = Qk(M), where Q i s  t h e  quenching 
e f f i c i e n c y  of a gas  component, k = 2 x 10 
-1 -1 
.u 
-lo part- '  see  -1 , 
and (M) i s  t h e  number of quenching p a r t i c l e s  i n  t h e  r e a c t i o n  
volume. 
F i g u r e  Capt ions  
F igu re  1 - P a r t i a l  pressure of  NO2 v s .  p r e s s u r e  of (NO2 + N204) 
e q u i l i b r i u m  mixture  a t  2OoC. 
Figure  2 - O2 formed by f i v e  p u l s e s  i n  a mixture  of 53% NO2 
and 47% Argon: ( a )  as p e r c e n t  of t o t a l  g a s  p r e s s u r e  and (b) 
as number of p a r t i c l e s  v s .  p r e s s u r e  of  NO2; ( c )  number of NO2 
formed by f i v e  p u l s e s  v s .  p r e s s u r e  of  NO2; and ( d )  t a n g e n t  
drawn t o  p roduc t ion  curve at  lowes t  p r e s s u r e s  of NO2. 
* 
* 
Figure  3 - F r a c t i o n  of NO2 which absorbs  a second photon w i t h  
z e r o  quenching vs.  t he  second a b s o r p t i o n  c o e f f i c i e n t ,  a2. 
Figure  4 - Calcu la t ed  v a l u e s  f o r  
and 50% Argon: (a)  t o t a l  number 
a mixture  of  50% (NO2 + N20b) 
of NO2 
* 
formed p e r  p u l s e  vs .  
p r e s s u r e  of NO2;\O2 produc t ion  cu rves  f o r  ( b )  ze ro  quenching, 
( c )  quenching bu t  no d i m e r i z a t i o n ,  ( d )  quenching and dimeri- 
z a t i o n  of NO2 as shown i n  F ig .  1. , 
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